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Partial top quark compositeness is a crucial aspect of theories with strong electroweak symmetry breaking.
Together with the heavy top partners that lift the top quark mass to its observed value, these theories predict
correlated modifications of the top quark’s electroweak couplings. Associated measurements therefore
provide direct constraints on the ultraviolet structure of the underlying hypercolor dynamics. In this paper, we
employ a minimal version of top compositeness to discuss how measurements related to the top’s
electroweak gauge interactions can inform the potential composite nature of the TeV scale. In doing so, we
identify the dominant factors that limit the beyond the Standard Model sensitivity. Extrapolating to a future
100 TeV hadron collider, we demonstrate that top quark measurements performed at highest precision can
provide additional information to resonance search by performing a representative resonant top partner
search that specifically targets the correlated resonant electroweak top partner signatures.
DOI: 10.1103/PhysRevD.102.075021
I. INTRODUCTION
Measurements at the Large Hadron Collider (LHC) have
explored and constrained a range of ultraviolet (UV)
completions of the Standard Model (SM) of Particle
Physics. At the present stage of the LHC programme, it
is fair to say that unless new light, beyond the Standard
Model (BSM) physics is hiding in experimentally chal-
lenging signatures, it is either weakly coupled to the SM or
there is a considerable mass gap between the SM and the
BSM spectrum. The latter avenue has motivated largely
model-independent approaches based on effective field
theory (EFT) techniques recently. In case the SM’s UV
completion is both weakly coupled and scale separated to
the extent that modifications of the low-energy SM
Lagrangian become nonresolvable in the light of expected
theoretical and experimental limitations, the EFT approach
will become as challenged as measurements in the full
model-context that the EFT can approximate. If, on the
other hand, new physics is actually strongly coupled at
larger energy scales, EFT-based methods are suitable tools
to capture the UV completions’ dynamics and symmetry.
Prime examples of such theories are models with strong
electroweak symmetry breaking (EWSB) (see [1–4] for
recent reviews).
While the details of realistic UVmodels of compositeness
vary in their microscopic structure, e.g. [5,6], they share
common phenomenological aspects that are summarised in
the so-called minimal composite Higgs models (MCHMs)
[7–9] (see also [10–13]). This is possible as there are two
necessary ingredients of pseudo-Nambu Goldstone Higgs
theories: first, the explicit breaking of a global symmetry by
weakly gauging a global (flavor) subgroup in the confining
phase of a “hypercolor” interaction. Second, partial fermion
compositeness [14–17] supplies an additional source of
global symmetry breaking through (extended) hypercolor
interactions. Both effects conspire to an effective low-energy












where f is Goldstone boson decay constant, h is a custodial
isospin singlet for a given embedding of SUð2ÞL×
SUð2ÞR, and α, β are low-energy constants (LECs) related
to two- and four-point correlation functions of the (ex-
tended) hypercolor theory [18,19]. The vacuum expectation










where ξ parametrizes the model-dependent modifications of
the physical Higgs boson to SM matter; see, e.g. Ref. [20]
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Symmetry breaking ξ > 0 in Eq. (2) constrains the LECs





¼ 8ð2β − αÞ: ð4Þ
This limits the parameter range that a realistic theory needs
to reproduce. Furthermore, the region ξ ≪ 1 which is
required to have SM-like Higgs interactions as indicated
by LHC measurements is accessed by α ≃ −2β which
selects an isolated region in LEC parameter space.
This is often understood as some indication of fine
tuning; however, it can be shown that no linear combination
of α, β is insensitive to four-point correlation functions
[19]. The computation of baryon four-point functions on
the lattice is highly involved.1 Additional phenomenologi-
cal input is needed to constrain concrete scenarios [19], at
least given the current status of lattice calculations. This
also shows that there is technically no fine-tuning of the
electroweak scale in these scenarios (yet), but an insuffi-
cient knowledge of the precise form of UV dynamics as can
be expected from performing calculations in the interpolat-
ing hyperbaryon and meson picture.
Constraints or even the observation of partial compos-
iteness in the top sector provide complementary phenom-
enological input and it is the purpose of this work to
reinterpret existing LHC searches coherently along these
lines. Extrapolating the current searches, we will also
discuss the potential of the high-luminosity (HL-)LHC
(13 TeV) and a future circular hadron-hadron collider
(FCC-hh) to further narrow down the parameter space of
strong interactions.
This paper is organized as follows. In Sec. II, we review
the basics of the composite top scenario. Our approach to
constraining anomalous top couplings to W and Z bosons
in this model is outlined in Sec. III. Following this strategy,
we discuss in Sec. IV the indirect sensitivity reach of
top measurements to coupling deformations as expected in
top compositeness theories at the LHC and also provide
projections for a 100 TeV FCC-hh [27] (see also [28,29]).
In Sec. V, we focus on a resonance search in a represen-
tative pp → TX; T → tðZ → lþl−Þ final state, where T is
the top partner and X is either an additional T or a third
generation quark. This analysis directly reflects the region
where top-partial compositeness leads to new resonant
structures as a consequence of modified weak top inter-
actions. The sensitivity of this direct search is compared
with the indirect sensitivity reach to demonstrate how top fits
and concrete resonance searches both contribute to a more
detailed picture of top-partial compositeness at hadron
colliders. Conclusions are given in Sec. VI.
II. STRONG COUPLING IMPRINTS IN TOP
QUARK INTERACTIONS
Composite Higgs theories are conveniently expressed in
terms of a Callen, Coleman, Wess, Zumino construction of
Refs. [30,31] (see also [2]) for a given global symmetry
breaking pattern G → H. Denoting the G=H generators
with T̂A and those of H with Ta, the associated nonlinear
sigma model field
Σ ¼ expfiϕ̂AT̂A=fg ∈ G ð5Þ
captures the transformation properties of the (would-be)
Goldstone bosons ϕ̂A under g ∈ G as
Σ → gΣh†ðg; ϕ̂Þ: ð6Þ
From this, one can define kinetic terms by considering the
G=H part of
Σ†∂μΣ ¼ vaμTa þ pAμ T̂A ¼ vμ þ pμ; ð7Þ
which transforms as pμ → hpμh† [31]. As indicated in
Eq. (6), this transformation will in general be nonlinear as h
is ϕ̂ and G-dependent, but will reduce to linear trans-
formations for g ∈ H. If G=H is a symmetric space, i.e.
there is an automorphism A: AðTaÞ ¼ Ta, AðT̂AÞ ¼ −T̂A,
we can consider a simplified object [30]
U ¼ ΣAðΣÞ†; ð8Þ
which lies in G=H but transforms linearly under G.
For the purpose of this work, we will consider a
particular UV completion of MCHM5 [9], which is based
on SOð5Þ → SOð4Þ. Concrete ultraviolet completions of
G ¼ SOð5Þ × Uð1Þ → SOð4Þ ×Uð1Þ ¼ H require a larger
symmetry, e.g. SUð5Þ → SOð5Þ ⊃ SOð4Þ [6,18,32–34]
and therefore typically lead to a richer pseudo-Nambu
Goldstone boson and hyperbaryon phenomenology
[19,23,35–38]. In this case, the automorphism is related
to complex conjugation and [32]






Weak gauging of a (sub)group of H can be achieved in the
lowest order in the Goldstone boson expansion by replac-
ing the partial derivatives with covariant ones [31,39], from
1Progress has been made toward a better understanding of
realistic composite Higgs theories using lattice simulations in
Refs. [21–26].
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which we can derive Higgs interactions with weak gauge
bosons. We will not explore this further in the following,
but will assume this extension of MCHM5 to make contact
with concrete UV extensions. Technically, this amounts to
the underlying assumption of top partners being the lightest
states in the TeV regime in this work when we will correlate
the top partner masses with the top-electroweak coupling
modifications in Sec. IV.
EWSB in strongly coupled composite Higgs theories
relies on the presence of additional sources of global
symmetry breaking as weak gauging of the SUð2ÞL ×
Uð1ÞY will dynamically align the vacuum in the symmetry-
preserving direction.2 An elegant solution to this is partial
compositeness [16,17,40,41]. Partial compositeness traces
the fermion mass hierarchy to mixing of massless elemen-
tary fermions with composite hyperbaryons of the strong
interactions. This not only serves the purpose of misalign-
ing the vacuum from the SUð2ÞL ×Uð1ÞY direction,
rendering the Higgs a pseudo-Nambu Goldstone boson,
but in parallel lifts the top and bottom masses to their
observed values. Phenomenologically, this results in a tight
correlation of top and Higgs interactions, which is a
nonperturbative example of the close relation of the
Higgs and top quark interactions in generic BSM theories.
A minimal effective Lagrangian of partial compositeness
in the light of Zb̄LbL coupling constraints [9] is given by a
scenario based on SUð5Þ=SOð5Þ [32] (which again resem-
bles the SOð5Þ=SOð4Þ pattern with symmetric mass terms),





μbTrð ¯̂QLUb̂RÞ þ H:c: ð11Þ
Ψ represents the vectorlike composite baryons in the low-
energy effective theory that form a 5 of SOð5Þ and
















Ψ decomposes into a bidoublet and a singlet under SUð2ÞL×
SUð2ÞR [42], thus implementing the custodial SUð2Þ
mechanism of Ref. [43]. Under the SM gauge interac-
tions SUð3ÞC × SUð2ÞL ×Uð1ÞY , these fields transform as
ðT; BÞ ∈ ð3; 2Þ1=6, R ∈ ð3; 1Þ2=3, and ðX; YÞ ∈ ð3; 2Þ7=6.

































This additional source of SOð5Þ breaking leads to EWSB as
it implies a finite contribution to effective Higgs potential
and lifts the top mass ∼fλqλtv=M in the large M limit. We
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where ch ¼ cosðh=fÞ and sh ¼ sinðh=fÞ. Expanding ch, sh
around hhi gives rise to the Higgs-top (partner) interactions.







The mass eigenstates are obtained through biunitary
transformations, which modify the weak and Higgs cou-
plings of the physical top and bottom quarks compared to
the SM by “rotating in” some of the top and bottom









tweZμ þ vμ þ Kpμ

Ψ; ð16Þ
with vμ, pμ arising from Eq. (7) after gauging. K is an
additional undetermined LEC. This leads to currents
JμZ=e ¼ cXXX̄γμX þ cTTT̄γμT þ cYYȲγμY
þ cRRR̄γμRþ cBBB̄γμBþ ðcRTR̄γμT þ H:c:Þ
þ ðcRYR̄γμY þ H:c:Þ þ ðcTYT̄γμY þ H:c:Þ ð17aÞ
and
2While gauging QED in the pion sector leads to an excellent
description of the πþ; π0 mass splitting QED remains exact. See
[17] for a detailed discussion of this instructive example.
3Similar correlations are observed in models that target dark
matter and B anomalies; see Ref. [44].
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JμWþ=e ¼ cXTX̄γμT þ cXYX̄γμY þ cXRX̄γμR

















































Similarly, the W couplings are


















sw, cw, tw are the sine, cosine, and tangent of the Weinberg
angle, respectively.
A nonvanishing K significantly alters the tight correla-
tion of the top partner mass and coupling modifications of
the top due to the mixing with heavy top partners. In case
K ¼ 0, a small top partner mass has to be compensated by a
large mixing between top and top partners in order to lift
the mass of the elementary top to its physically observed
value. The mixing angle in turn determines the electroweak
coupling deviations of the top quark in the mass eigenbasis.
Hence, for K ¼ 0, there exists a strong correlation between
top partner mass and top coupling deviation. However, if K
is allowed to take values K ≠ 0, this correlation is loosened
which in parallel opens up momentum enhanced decays
T → ht [32]. In Sec. IV, we study the dependence of the
sensitivity on the parameter K in indirect searches and use
this information to discuss the sensitivity gap with direct
searches in Sec. V.
In addition to the coupling modifications of the top-
associated currents, amplitudes receive corrections from
propagating top partners, for which we provide a short EFT
analysis in Appendix A up to mass dimension eight. In the
mass basis, these propagating degrees of freedom (d.o.f.)
generate “genuine” higher dimensional effects and are
therefore suppressed compared to the dimension four
top-coupling modifications. Working with a concrete UV
scenario, we have directly verified this suppression using a
full simulation of propagating top partners in the limit
where they are not resolved as resonances. We therefore
neglect these contributions in our coupling analysis, but
return to the relevance of resonance searches in Sec. V.
III. ELECTROWEAK TOP PROPERTY
CONSTRAINTS
Theweak couplings of the SM top and bottom quarks are
modified due to the mixing with the top and bottom
partners in the mass eigenbasis. In particular, these are
modifications of the left- and right-handed vectorial cou-
plings to theW and Z bosons which can be parametrized as
follows:
L ⊃ t̄γμ½gtLPL þ gtRPRtZμ
þ b̄γμ½gbLPL þ gbRPRbZμ
þ ðb̄γμ½VLPL þ VRPRtWþμ þ H:c:Þ: ð20Þ
The anomalous couplings of the top quark, i.e. the relative























where g is the weak coupling constant associated with the
SUð2ÞL gauge group and θW is the Weinberg angle. Note
that δW;R is normalized to the left-handed SM coupling of
the top quark to the W boson. Technically, we implement
the anomalous couplings in terms of Wilson coefficients in
an effective Lagrangian of dimension six operators. The
relation between the δ parameters and the Wilson coef-
ficients in the Warsaw basis [45] is given in Appendix B.
The parametrization in terms of Wilson coefficients allows
us to use an updated version of the TopFitter frame-
work (which will be described in detail elsewhere [46])
to obtain constraints on the anomalous couplings of the
top quark. The anomalous couplings of bottom quarks to
Z bosons are phenomenologically less relevant by con-
struction [9].
We obtain constraints on the anomalous couplings by
comparing them to experimental results for observables
that are sensitive to the vectorial weak couplings of the top
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quark. Specifically, we include in the fit 21 experimental
analyses [47–67], which are presented in Table I and
amount to a total of N ¼ 54 degrees of freedom.





ðXexpi − Xthi ðδÞÞðV−1ÞijðXexpj − Xthj ðδÞÞ; ð25Þ
where Xexpi is the experimental result for the observable Xi
and Xthi ðδÞ is the theoretical prediction which depends on
the anomalous couplings δtZ;L, δ
t
Z;R, δW;L, and δW;R collec-
tively denoted by δ. The inverse covariance matrix is
denoted by V−1 and takes into account bin-to-bin corre-
lations provided by the experimental collaborations. The
theoretical uncertainties result from independently varying
renormalization and factorization scale μR; μF ¼
fmt=2; mt; 2mtg.4 Furthermore, we take uncertainties on
the parton distribution functions (PDFs) and the strong
coupling constant αs into account and evaluate them
according to the PDF4LHC recommendations [68] using
the PDF4LHC15_nlo_30_pdfas PDF set. Experi-
mental, scale, PDF, and αs uncertainties are added in
quadrature.
The SM contribution to the observable predictions Xith
is computed at next-to-leading order QCD. The contribu-
tions from the anomalous couplings are computed at
leading order owing to the fact that we scan over small
values for the anomalous couplings and ignore additional
contributions to the strong corrections. We take into
account contributions that are quadratic and bilinear in
the anomalous couplings but have verified that they have
only a small effect on the likelihood.
The theoretical predictions for both SM and anomalous
couplings are obtained from MadGraph5_aMC@NLO [69,70]
which is the Monte Carlo generator used by TopFitter.
The anomalous couplings are mapped to Wilson coeffi-
cients in the SM effective field theory (see Appendix B) and
theoretical predictions are evaluated using the SMEFTsim
[71] Universal FeynRules Output [72] model. A parton
shower and detector simulation are not necessary since the
experimental results in Table I are unfolded to parton level.
The likelihood in Eq. (25) is used to exclude anomalous
couplings at a confidence level (CL) of 95%. A point δ in
the parameter space of the anomalous couplings is con-
sidered excluded if





where fχ2ðx; kÞ is the χ2 probability distribution and k ¼ N
is the number of degrees of freedom.
Partial compositeness imposes strong correlations
between the different anomalous couplings. Hence, indi-
vidual or marginalized bounds are not applicable since they
would neglect these correlations and lead to incorrect
exclusions. Instead, we scan over the model’s parameter
space and calculate the anomalous top couplings that
correspond to each sample point. We determine whether
the parameter points are excluded at 95% confidence based
on Eq. (26) using the likelihood in Eq. (25) which includes
the experimental input in Table I and is implemented by
TopFitter. This procedure takes the correlations
between the anomalous couplings into account because
TABLE I. Experimental analyses used to determine constraints
on anomalous top quark couplings. tjZ denotes single-top t-







1503.05027 [47] CDF, D0 1.96 σtot 1
















1902.07158 [49] ATLAS, CMS 7,8 σtot 2




1812.10514 [51] CMS 13 σtσ t̄, σt 2
Single top s-channel
1402.5126 [52] CDF, D0 1.96 σtot 1
1902.07158 [49] ATLAS, CMS 7, 8 σtot 2
tW
1902.07158 [49] ATLAS, CMS 7, 8 σtot 2
1612.07231 [53] ATLAS 13 σtot 1
1805.07399 [54] CMS 13 σtot 1
tjZ
1710.03659 [55] ATLAS 13 σtot 1







1509.05276 [57] ATLAS 8 σtot 1
1510.01131 [58] CMS 8 σtot 1
1901.03584 [59] ATLAS 13 σtot 1











W boson helicity fractions
1211.4523 [61] CDF 1.96 F0, FR 2
1205.2484 [62] ATLAS 7 F0, FL, FR 3
1308.3879 [63] CMS 7 F0, FL, FR 3
1612.02577 [64] ATLAS 8 F0, FL 2
Top quark decay width
1201.4156 [65] D0 1.96 Γt 1
1308.4050 [66] CDF 1.96 Γt 1
1709.04207 [67] ATLAS 8 Γt 1
4mt denotes the top quark mass and is set to mt ¼ 172.5 GeV
in alignment with the value used in the experimental analyses in
Table I.
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the scan is performed in the parameter space of the
underlying model and then mapped to the weak vectorial
top couplings.
In the next section, we give details about the parameter
scan and present the results contrasting the current exper-
imental situation with projections to larger integrated
luminosities and future colliders.
IV. INDIRECT SIGNS OF PARTIAL
COMPOSITENESS: PRESENT AND HIGH-
ENERGY FRONTIER
Before we turn to the implications of the fit detailed in
the previous section (and its extrapolations), we comment
on additional constraints that could be imposed from
nontop data.
Precision Higgs measurements are additional phenom-
enologically relevant channels that are sensitive to top partial
compositeness through their modified Yukawa interactions.
While the Yukawa sector probes different aspects of the
model than the gauge interactions Eqs. (14) and (17), they
are equally impacted by the admixtures of vectorlike top
quarks, and are therefore correlated. For instance, the CMS
projections provided in Ref. [73] can be used to comment on
the relevance of the Higgs signal strength constraints: Out of
all processes, gg → h; h → ZZ provides the most stringent
constraint when correlated with the top coupling devia-
tions.5 The expected signal strength constraint at 3=ab of
4.7% translates into a range of, e.g. jδW;Lj≲ 0.18. The
100 TeV extrapolation of Ref. [27] of ≲2% translates
into jδW;Lj≲ 0.1.
There are constraints from electroweak precision mea-
surements, e.g. [74], which amount to a limit jδgZ;Lj≲ 8%;
flavour measurements provide an additional avenue to
obtain limits on partial compositeness [75,76]. In the
remainder, however, we focus on a comparison of direct
top measurements at hadron colliders.
As outlined in Sec. III, we scan over the parameters of
the Lagrangian in Eq. (11) imposing M > 1.5 TeV to
(loosely) reflect existing top partner searches [77]. The
restriction on the parameter combination λtλq is determined
by mt ≃ 173 GeV and on μb by the b quark mass mb ≃
4.7 GeV (scanning jKj≲ 4π). Apart from enforcing these
masses, we also consider modifications to the Higgs boson
decay and require theH → ZZ; γγ decay rates to reproduce
the SM predictions within 30% to preselect a reasonable
parameter range. We fix the Higgs mass to 125 GeVas well
as v ≃ 246 GeV in our scan, leaving ξ (and hence f) as a
free parameter. While the Higgs mass is directly linked with
top and top partner spectra, we implicitly assume cancel-
lations of the associated LEC parameters as expressed in
Eq. (4) when taking into account top-partial compositeness.
We note that the degree of top compositeness is
determined by the biunitary transformation of Eq. (14).
In our scan, we find that the right-chiral top quark shows
the largest degree of compositeness, receiving 70%–90%
admixture from the hyperbaryon spectrum. In comparison,
the left-chiral top is only ≲30% composite in our scan. The
right-chiral gauge coupling properties of the top are
particularly relevant when we want to constrain this
scenario, in particular given that they are absent in SM
(see below).
Given the experimental results reported in Table I, we
find that the current LHC (and Tevatron) measurements
do not allow to constrain the parameter space detailed
in Sec. II beyond the constraints that are already taken
into account when scanning the parameter space. Current
Higgs signal constraints, for instance, provide stronger
constraints. Since the top measurements are still at a
relatively early stage in the LHC programme, this is not
too surprising, in particular because top final states are
phenomenologically more involved than their Higgs
counterparts.
It is more interesting to consider how the sensitivity
provided by the current analysis programme of Table I will
evolve in the future. In Fig. 1, we present the results of the
parameter scan for the HL-LHC. The results are again
based on the experimental analyses in Table I but with the
statistical uncertainties rescaled to 3=ab and experimental
systematics reduced by 80%.6 We assume no theoretical
uncertainties for now and will comment on their impact
below. The observables of 7 and 8 TeV analyses in Table I
are reproduced at 13 TeV7 keeping the experimental bin-to-
bin correlations of the respective analyses at their original
value.8 In Fig. 1, the excluded points of the parameter scan
are colored in red while the allowed region is shaded in
green. The shading indicates the value of the parameter K.
As mentioned in Sec. II, the value of K loosens the
correlation between the top partner mass and the associated
electroweak top coupling modification. Furthermore, Fig. 1
demonstrates that with higher luminosity and a (not
unrealistic) reduction of the present systematic uncertainty
we start to constrain the parameter space with large jKj ∼
10 and associated coupling deviations in the percent range,
while the right-handed Z coupling in the 30% range.
In Fig. 2, we compare different assumptions on the
theoretical uncertainties in terms of the maximal top partner
mass mT and the minimal jKj that can be excluded. Note
5We note that derivative interactions ∼Kt̄γμt∂μh [32] do not
impact the loop-induced h → γγ; gg amplitudes.





≈ 0.2 using the largest so-far accumulated
luminosity among the analyses in Table I.




p ¼ 13 TeV and L ¼ 3=ab is N ¼ 30 due
to the fact that we consider only one projection for each
observable instead of several measurements.
8We checked that the correlations have only a small effect on
the likelihood.
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FIG. 1. Correlation between top partner mass mT and anomalous top quark couplings in the light of LHC sensitivity extrapolated to
3=ab on the basis of the analyses provided in Table I. Parameter points shown in green are allowed, while point in red are excluded at
95% confidence level by this analysis. In this particular figure, we suppress theoretical uncertainties, but to reflect the impact of
increased data sets on experimental systematics, we reduce the latter by 80% which is provided by rescaling with the square root of the
luminosity. A more detailed comparison of experimental systematics and theoretical uncertainties is given in Fig. 2.
FIG. 2. Left: maximum excluded top partner mass mT versus reduction in experimental systematic uncertainties. The reduction is
given with respect to the current experimental situation. The bars indicate different choices for relative theoretical uncertainties. Right:
minimal jKj in the excluded region of the parameter scan versus reduction in experimental systematic uncertainty.
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that these are not strict exclusion limits, smaller mT and
larger jKjmight still be allowed. However, Fig. 2 represents
a measure of the maximally possible sensitivity that can be
probed at the HL-LHC in terms of the above quantities. As
can be seen in Fig. 2, the sensitivity of indirect searches
crucially depends on the expected theoretical uncertainty
that will be achievable at the 3=ab stage. As for all channels
that are not statistically limited at hadron colliders, the
theoretical error quickly becomes the limiting factor to the
level where indirect searches will not provide complemen-
tary information even at moderate top partner masses. A
common practice [78,79] for estimating projections for
theoretical uncertainties at the HL-LHC is to apply a factor
of 1=2 to the current theoretical uncertainties at the LHC.
According to this prescription, the projected theory uncer-
tainties at the HL-LHC for for the observables studied in
the analyses listed in Table I are given by ∼1%–5%.
It is instructive to compare the approximate9 bounds on
the anomalous couplings obtained in Fig. 1,
δW;L ∈ ½−0.025; 0.02; δW;R ∈ ½−0.0014; 0.0013;
δtZ;L ∈ ½−0.073; 0.06; δtZ;R ∈ ½−0.33; 0.37;
with 95% CL marginalized limits obtained from a model
agnostic fit performed by TopFitter using the same
experimental projections
δW;L ∈ ½−0.029; 0.019; δW;R ∈ ½−0.009; 0.009;
δtZ;L ∈ ½−0.639; 0.277; δtZ;R ∈ ½−1.566; 1.350:
In particular, the comparison of δW;R, δtZ;L, δ
t
Z;R between the
two results illustrates the fact that coupling deviations (or
Wilson coefficients in the context of EFT) are likely to
receive much stronger constraints from the analyses of a
concrete model (possibly matched to EFT) due to corre-
lations imposed by that model. This highlights that recent
multidimensional parameter fits [80–86] are more sensitive
to concrete realizations of high-scale new physics than the
current model agnostic (marginalised) constraints might
suggest. This will be further enhanced once we move
toward the high statistics realm of the LHC and whatever
high-energy frontier after that.
We now turn to the extrapolation of the analyses in
Table I to a future FCC-hh. To this end, we reproduce the
observables in Table I at a center-of-mass energy of
100 TeV (we will comment on widening the list of
observables below). In addition, we include overflow bins
in pT distributions reflecting the fact that future analyses at
100 TeV will have a higher energy reach.10 In parallel, we
rescale the statistical uncertainty from the analyses in
Table I to 30=ab and assume a reduction in systematic
experimental uncertainties to 1% of the LHC analyses.11
For the 13 TeV analyses, the bin-to-bin correlations have
only a small impact on the exclusion of parameter points.
Hence, we assume all measurements and bins in the
100 TeV analyses to be uncorrelated. The results for this
scan are presented in Fig. 3, which shows that the FCC-hh
can further improve on the LHC sensitivity by a factor of
≲3 in terms of indirectly exploring the top partner mass in
the scenario we consider in this work. Again theoretical
uncertainties as parametrized in our scan are the key
limiting factors of the sensitivity. There is no uniform
convention or treatment for projecting theoretical uncer-
tainties to the FCC-hh. However, at least with respect to
QCD processes according to Ref. [87], “1% is an ambitious
but justified target.” In principle, a 100 TeV FCC-hh can
reach K ¼ Oð1Þ values as can be seen in Fig. 4. This is the
perturbative parameter region where T → tZ direct
searches (cf. [88]) are relevant. Hence, we focus on
jKj < 1 when we study this phenomenologically relevant
channel in a representative top partner search in Sec. V.
Figures 2 and 4 demonstrate that the uncertainties as
detailed in the previous section are the key limiting factors
of indirect BSM sensitivity in the near future. Naively, this
paints a dire picture for the BSM potential. But we stress
that data-driven approaches that have received considerable
attention recently, e.g. [89,90], together with the applica-
tion of new purpose-built statistical tools to mitigate the
impact of uncertainties [91–94] will offer an avenue to
inform constraints beyond “traditional” precision parton-
level calculations at fixed order in perturbation theory. The
basis of our analysis is also formed by extrapolating
existing searches to 3=ab and eventually to 100 TeV. In
particular, when statistics is not a limiting factor, a more
fine-grained picture can be obtained by exploiting differ-
ential information in more detail (see also a recent proposal
to employ polarization information in nontop channels
[95]). The latter, however, needs to be considered again in
the context of experimental and theoretical limitations.
Since the constraints on the tZ coupling are the limiting
factor in the indirect analysis considered here, we have
extended the inclusive tjZ measurement by differential
cross sections to assess the impact of additional differential
information. To this end, we include in the tjZ channel the
differential cross section with respect to the transverse
momentum and the rapidity of the Z boson. However, we
do not find a significant change in the sensitivity projec-
tions as provided by Figs. 2 and 4. A more detailed study of
sensitive observables at hadron and lepton colliders is
needed to maximize the sensitivity reach. But these
9Due to its granularity, the scan provides only approximate
bounds.




p ¼ 100 TeV and L ¼ 30=ab is N ¼ 35.
11Here we assume no theoretical uncertainty. A detailed
comparison of the impact of uncertainties and experimental
systematics is given in Fig. 4.
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FIG. 3. Top coupling correlations analogous to Fig. 1 for the FCC-hh analysis. We assume a reduction of experimental systematics to
1% compared to the present LHC situation. In parallel, we suppress the theoretical uncertainty. See Fig. 4 and the text for related
discussion.
FIG. 4. Same as Fig. 2 but for a center-of-mass energy of
ffiffi
s
p ¼ 100 TeV and a luminosity of L ¼ 30=ab. The value of min jKexcludedj
for 99% reduction in systematic uncertainties and no theory uncertainty was multiplied by a factor of 10 to increase visibility in the plot
on the right-hand side.
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excursions are beyond the scope of this work and are left
for future studies.
V. TOP RESONANCE SEARCHES
The presence of additional vectorlike fermions in
composite Higgs models provides the opportunity of direct
detection through resonance searches. We focus on chan-
nels involving the lightest top partner resonance (referred to
as T in the following) which can be either pair produced
through QCD interactions or created in association with a
quark through interactions with vector bosons (or the Higgs
boson). In particular, modes T → tZ, followed by decays of
tZ → ðq1q2bÞðlþl−Þ are interesting final states in the
context of the previous section. On the one hand, they
directly correlate modifications of electroweak top quark
properties with new resonant structures following Eqs. (14)
and (17). On the other hand, the presence of two same-
flavor, oppositely charged leptons lþ, l− (electrons or
muons) in the boosted final state and no missing transverse
energy allows discrimination between signal and back-
ground and the reconstruction of the top partner massmT as
demonstrated in Ref. [88]. We follow a similar cut-and-
count analysis, adapted to FCC energies to attain a
comparison with the indirect constraints of the previous
section. Relevant SM background sources include Z þ jets,
tt̄Z þ jets, and t=t̄Z þ jets, while the large mass of the top
partner leading to a highly boosted Z boson allows us to
neglect the background processes involving two vector
bosons and jets.
We model the signal using FeynRules [96,97], and events
for both signal and background are generated with MadEvent
[69,70,98]. Decays are included via MadSpin [99,100] for the
signal and tt̄Z þ jets, t=t̄Z þ jets background processes.
All events are showered with Pythia8 [101] using the HepMC
format [102] before passing them to Rivet [103] for a cut-
and-count analysis along with FastJet [104,105] for jet
clustering. The presence of a top in the boosted final state
necessitates the use of jet-substructure methods for top-
tagging, for which we adopt the Heidelberg-Eugene-Paris
top-tagger (HEPTopTagger) [106–108].
Final state leptons are required to be isolated12 and have
transverse momentum pTðlÞ ≥ 20 GeV and pseudora-
pidity jηðlÞj ≤ 2.5. Slim-jets are clustered with the anti-
kT algorithm [109] with radius size of 0.4, and fat-jets are
also simultaneously reconstructed with Cambridge-Aachen
algorithm and a larger size of 1.5. Both types of jets must
satisfy pTðjÞ ≥ 20 GeV and jηðjÞj ≤ 4.9.
Lepton selection cuts are applied by requiring at least
one pair of same flavor oppositely charged leptons, with an
invariant mass within 10 GeVof the Z boson resonance, i.e.






ensure that the leptons are collimated. The two leptons
must have a minimum transverse momentum of pTðlÞ >
25 GeV, and if more than one candidate pairs exist, the
one with invariant mass closest to mZ ¼ 91.1 GeV is
selected to reconstruct the Z boson’s four-momentum.
Subsequently, the search region is further constrained with
the requirements pTðZÞ > 225 GeV and jηðZÞj < 2.3,
where the former further ensures the boosted kinematics
and the latter allows better discrimination from the Z þ jets
background of the SM.
The hadronic part of the signal’s final state is charac-
terized by large transverse momentum originating from the
top quark’s boosted nature and thus we require that the
scalar sum of the transverse momenta satisfies HT >
700 GeV for all identified slim-jets that have pTðjÞ >
30 GeV and jηðjÞj < 3. The search region is constrained by
requiring at least one fat-jet that satisfies pTðjÞ > 200 GeV
and is top-tagged with HEPTopTagger. In the case of more than
one top candidate, we consider the one where ΔϕðZ; tÞ is
closest to π, ensuring the Z and t candidates are back-to-
back. B-jets are identified from slim-jets, and at least one
satisfying pTðbÞ > 40 GeV is required to be within the top
radius of ΔRðt; bÞ < 0.8, implying that the b quark
originated from the top. The b-tag efficiency is set to
80%, while the mistagging probability of quarks at 1%.
Finally, the reconstructed top and Z candidates are used to
reconstruct the top partner’s massmrecoT via the sum of the Z
and t four-momenta.
The efficiency of the cut-and-count analysis is deter-
mined by the resonance mass, which defines the kine-
matics of the final state particles. We scan over a range
of top partner masses and perform an interpolation to
eventually evaluate constraints in a fast and adapted way.
We have validated the accuracy of this approach against
additional points as well as against the independence of the
coupling values. We find that a signal region defini-
tion using the reconstructed top partner mass mrecoT ∈
½mT − 0.2mT;mT þ 0.15mT  is an appropriate choice to
reduce backgrounds and retain enough signal events to set
limits in the region jKj < 1 that we are interested in as
detailed before. This ensures that the detailed search is
perturbatively under control and phenomenologically rel-
evant. For larger K values, the T → ht decay receives
sizeable momentum-dependent corrections [32], which
quickly start to dominate the total decay width to a level
where we can expect our analysis flow to become chal-
lenged due to nonperturbative parameter choices.
In the spirit of data-driven bump hunt searches, we fit the
mrecoT distribution away from the signal region to obtain a
background estimate in the signal region defined above.
As can be seen in Fig. 5(a), such distributions follow
polynomial distributions on a logarithmic scale and
are therefore rather straightforward to control in a data-
driven approach. There we show a mrecoT histogram for a
12For a lepton to be isolated, we require the total pT of charged
particle candidates within the lepton’s cone radiusΔR ¼ 0.3 to be
less than 10% of the lepton’s pTðlÞ.
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representative signal point mT ≃ 2.7 TeV and the contrib-
uting background. Such a data-driven strategy also largely
removes the influence of theoretical uncertainties at large
momentum transfers and is the typical method of choice in
actual experimental analyses already now; see, e.g. [89,90]
for recent work. After all analysis steps are carried out, we
typically deal with a signal-to-background ratio S=B ∼ 0.1,
which means that our sensitivity is also not too limited by
the background uncertainty that would result from such a
fit. Identifying a resonance, we can evaluate the signifi-




. To set limits, we
assume a total integrated luminosity of 30=ab for 100 TeV
FCC-hh collisions. We show sensitivity projections in
Fig. 5(b). As can be seen, we have good discovery potential
in tZ for parameter regions up to mT ≃ 7.3 TeV, with the
additional exclusion potential ∼S=
ffiffiffiffiffiffiffiffiffiffiffiffi
Sþ Bp reaching to
mT ≲ 10 TeV at 95% CL. As alluded to before, the analysis
outlined above is particularly suited for parameter regions
where there is a significant top partner decay into Zt pair,
i.e. regions in parameter space where modifications are
most pronounced in the weak boson phenomenology rather
than in Higgs-associated channels.
While we have focused on one particular analysis to
contextualize the couplings scan of the previous section
with representative direct sensitivity at the highest energies,
we note that other channels will be able to add significant
BSM discovery potential; see, e.g. Refs. [110,111]. This
could include T → ht which would lead to b-rich final
states and which would target partial compositeness in the
Higgs sector (see also [112,113]). Such an analysis
provides an avenue to clarify the Higgs sector’s role
analogous to the weak boson phenomenology studied in
this work, albeit in phenomenologically more complicated
final states when turning away from indirect Higgs
precision analyses and tt̄h production. Furthermore,
searches for other exotic fermion resonances different to
the one we have focused on in this section, such B and the
5=3-charged Q provide additional discriminating power
(see [114,115]) and would be key to pinning down the
parameter region of the model if a new physics discovery
consistent with partial compositeness is made.
Being able to finally compare the direct sensitivity
estimates of Fig. 5 with Fig. 3, we see that indirect searches
for top compositeness as expressed through modifications
of the top’s SM electroweak couplings provide additional
information to resonance searches if uncertainties can be
brought under sufficient control. For instance, the potential
discovery of the top partner alone is insufficient to verify or
falsify the model studied in this work. The correlated
information of top quark coupling deviations is an addi-
tional crucial step in clarifying the underlying UV theory.
Extrapolating the current sensitivity estimates of the
LHC alongside the uncertainties to the 3=ab phase, the HL-
LHC will however provide only limited insight from a
measurement of the top’s electroweak SM gauge interac-
tion deformations. This can nonetheless lead to an inter-
esting opportunity at the LHC: given that the LHC will
obtain a significantly larger sensitivity via direct searches
[88,114,115], the potential discovery of a top partner at the
LHC would make a clear case for pushing the energy
frontier to explore the full composite spectrum and corre-
late these findings with an enhanced sensitivity to top
coupling modifications.
VI. CONCLUSIONS
As top quark processes can be explored at the LHC with
high statistics, they act as Standard Model “candles.” The
electroweak properties of the top quark are particularly
(a) (b)
FIG. 5. (a) Differential cross sections for background and signal of a representative parameter point with a top partner mass of








p ¼ 5, where discovery can be achieved. For comparison, we include points dominantly decaying to tH to show where
our tZ analysis is phenomenologically relevant.
ELECTROWEAK TOP COUPLINGS, PARTIAL COMPOSITENESS, … PHYS. REV. D 102, 075021 (2020)
075021-11
relevant interactions as deviations from the SM are tell-tale
signatures of new physics beyond the SM that is directly
relevant for the nature of the TeV scale.
Using the example of top partial compositeness (and the
extended MCHM5 implementation of [32] for concrete-
ness), we demonstrate that the ongoing top EFT pro-
gramme will provide important additional information to
resonance searches if theoretical and experimental uncer-
tainties will be brought under control. This is further
highlighted at the energy frontier of a future hadron collider
at 100 TeV. Backing up our electroweak top coupling
analysis with a representative top partner resonance search,
we demonstrate the increased sensitivity and additional
discriminating power to pin down the top quark’s electro-
weak properties at the FCC-hh. Especially in case a
discovery is made at the LHC that might act as a harbinger
of a composite TeV scale, there is a clear case for further
honing the sensitivity to the top’s coupling properties whilst
extending the available energy coverage. We note that high-
energy lepton colliders such as CLIC will be able to provide
a very fine grained picture of the top electroweak inter-
actions, which can provide competitive indirect sensitivity
[82,116–120]. We leave a more detailed comparison of the
interplay of hadron and lepton colliders for future work.
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APPENDIX A: PROPAGATING TOP PARTNERS
AS EFT CONTRIBUTIONS
On top of the coupling modifications of the top-asso-
ciated currents, amplitudes receive corrections from propa-
gating top partners. Similarly, a composite top substructure
can lead to additional anomalous magnetic moments
[112,121,122] as observed in nuclear physics [123]. At
the considered order in the chiral expansion in this work,
such terms arise at loop level [124,125] and at tree level via
the direct propagation of top partners. It is interesting to
understand the latter contributions from an EFT perspective
as they not only give rise to dimension six effects and
cancellations can occur. In the mass eigenbasis, the
propagating degrees of freedom lead to dimension eight
effects. For instance, tt̄ → WW scattering in the mass
eigenbasis receives corrections from b, B as well as from
the 5=3-charged Q. The resulting Lorentz structure of
contact tt̄WþW− amplitude in the EFT limit is described
by a combination of
OtW ¼ Q̄Lσμνφ̃τatRWaμν
OtH ¼ ðDμφ†DμφÞQ̄Lφ̃tR; ðA1Þ
leading to






where the ellipses refer to momentum-dependent correc-




































where the ectXL;R; ec
tB
L;R are the left- and right-chiral W
couplings of the top with the respective top partner in the
mass basis.
APPENDIX B: EFT PARAMETRIZATION OF
ANOMALOUS WEAK TOP QUARK COUPLINGS
The effective dimension six operators (in the Warsaw
basis [45]) that modify the vectorial couplings of the top











Oφud ¼ iðφ̃†DμφÞðt̄RγμbRÞ; ðB1Þ
with the associated Wilson coefficients Cð1Þφq , C
ð3Þ
φq , Cφu, and
Cφud. See also Ref. [126] for a detailed recent discussion
beyond tree level.Q ¼ ðtL; bLÞT denotes the quark SUð2ÞL
doublet of the third generation with tL and bL the left-
handed top and bottom quarks, respectively. The rest of the
notation is aligned with Ref. [45]. The anomalous cou-
plings of the top quark toW and Z bosons are related to the
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In Eqs. (B2a) and (B2c), we have introduced two new
Wilson coefficient which correspond to the operators
OWHq ¼ Oð3Þφq ;
OZHq ¼ Oð1Þφq −Oð3Þφq : ðB3Þ
This change of basis ensures that each of the four operators
OWHq, O
Z
Hq, Oφu, and Oφud contributes to exactly one kind
of W and Z coupling in Eq. (20). The relations of Eq. (B2)
allow us to directly relate constraints on the Wilson
coefficients to constraints on the coupling modifications δ.
[1] R. Contino, in Physics of the Large and the Small, TASI 09,
Proceedings of the Theoretical Advanced Study Institute in
Elementary Particle Physics, Boulder, Colorado, USA,
2009 (World Scientific, 2011), pp. 235–306, https://doi
.org/10.1142/9789814327183_0005.
[2] G. Panico and A. Wulzer, Lect. Notes Phys. 913, 1 (2016).
[3] S. Dawson, C. Englert, and T. Plehn, Phys. Rep. 816, 1
(2019).
[4] G. Cacciapaglia, C. Pica, and F. Sannino, Phys. Rep. 877, 1
(2020).
[5] G. Ferretti and D. Karateev, J. High Energy Phys. 03
(2014) 077.
[6] G. Ferretti, J. High Energy Phys. 06 (2016) 107.
[7] R. Contino, Y. Nomura, and A. Pomarol, Nucl. Phys.
B671, 148 (2003).
[8] K. Agashe, R. Contino, and A. Pomarol, Nucl. Phys. B719,
165 (2005).
[9] R. Contino, L. Da Rold, and A. Pomarol, Phys. Rev. D 75,
055014 (2007).
[10] B. Bellazzini, C. Csáki, and J. Serra, Eur. Phys. J. C 74,
2766 (2014).
[11] D. Marzocca, M. Serone, and J. Shu, J. High Energy Phys.
08 (2012) 013.
[12] A. Pomarol and F. Riva, J. High Energy Phys. 08 (2012)
135.
[13] M. Redi and A. Tesi, J. High Energy Phys. 10 (2012) 166.
[14] H. Terazawa, K. Akama, and Y. Chikashige, Phys. Rev. D
15, 480 (1977).
[15] H. Terazawa, Phys. Rev. D 22, 2921 (1980); 41, 3541(E)
(1990).
[16] D. B. Kaplan, Nucl. Phys. B365, 259 (1991).
[17] R. Contino, T. Kramer, M. Son, and R. Sundrum, J. High
Energy Phys. 05 (2007) 074.
[18] M. Golterman and Y. Shamir, Phys. Rev. D 91, 094506
(2015).
[19] L. Del Debbio, C. Englert, and R. Zwicky, J. High Energy
Phys. 08 (2017) 142.
[20] M. Gillioz, R. Grober, C. Grojean, M. Muhlleitner, and E.
Salvioni, J. High Energy Phys. 10 (2012) 004.
[21] A. Hietanen, R. Lewis, C. Pica, and F. Sannino, J. High
Energy Phys. 07 (2014) 116.
[22] T. DeGrand, Y. Liu, E. T. Neil, Y. Shamir, and B. Svetitsky,
Phys. Rev. D 91, 114502 (2015).
[23] V. Ayyar, T. DeGrand, M. Golterman, D. C. Hackett, W. I.
Jay, E. T. Neil, Y. Shamir, and B. Svetitsky, Phys. Rev. D
97, 074505 (2018).
[24] V. Ayyar, T. Degrand, D. C. Hackett, W. I. Jay, E. T. Neil,
Y. Shamir, and B. Svetitsky, Phys. Rev. D 97, 114505
(2018).
[25] V. Ayyar, T. DeGrand, D. C. Hackett, W. I. Jay, E. T. Neil,
Y. Shamir, and B. Svetitsky, Phys. Rev. D 99, 094502
(2019).
[26] T. DeGrand and E. T. Neil, Phys. Rev. D 101, 034504
(2020).
[27] A. Abada et al. (FCC Collaboration), Eur. Phys. J. Special
Topics 228, 755 (2019).
[28] K. Agashe, R. Contino, and R. Sundrum, Phys. Rev. Lett.
95, 171804 (2005).
[29] K. Kumar, T. M. P. Tait, and R. Vega-Morales, J. High
Energy Phys. 05 (2009) 022.
[30] S. R. Coleman, J. Wess, and B. Zumino, Phys. Rev. 177,
2239 (1969).
[31] C. G. Callan, Jr., S. R. Coleman, J. Wess, and B. Zumino,
Phys. Rev. 177, 2247 (1969).
[32] G. Ferretti, J. High Energy Phys. 06 (2014) 142.
[33] G. Cacciapaglia and F. Sannino, Phys. Lett. B 755, 328
(2016).
[34] M. Golterman and Y. Shamir, Phys. Rev. D 97, 095005
(2018).
[35] T. A. DeGrand, M. Golterman, W. I. Jay, E. T. Neil,
Y. Shamir, and B. Svetitsky, Phys. Rev. D 94, 054501
(2016).
[36] A. Belyaev, G. Cacciapaglia, H. Cai, G. Ferretti, T. Flacke,
A. Parolini, and H. Serodio, J. High Energy Phys. 01
(2017) 094; 12 (2017) 088(E).
[37] C. Englert, P. Schichtel, and M. Spannowsky, Phys. Rev. D
95, 055002 (2017).
[38] P. Ko, C. Yu, and T.-C. Yuan, Phys. Rev. D 95, 115034
(2017).
[39] G. F. Giudice, C. Grojean, A. Pomarol, and R. Rattazzi,
J. High Energy Phys. 06 (2007) 045.
[40] F. Sannino, A. Strumia, A. Tesi, and E. Vigiani, J. High
Energy Phys. 11 (2016) 029.
[41] G. Cacciapaglia, H. Gertov, F. Sannino, and A. E.
Thomsen, Phys. Rev. D 98, 015006 (2018).
[42] A. De Simone, O. Matsedonskyi, R. Rattazzi, and A.
Wulzer, J. High Energy Phys. 04 (2013) 004.
[43] K. Agashe, R. Contino, L. Da Rold, and A. Pomarol, Phys.
Lett. B 641, 62 (2006).
[44] J. M. Cline, Phys. Rev. D 97, 015013 (2018).
[45] B. Grzadkowski, M. Iskrzynski, M. Misiak, and J. Rosiek,
J. High Energy Phys. 10 (2010) 085.
ELECTROWEAK TOP COUPLINGS, PARTIAL COMPOSITENESS, … PHYS. REV. D 102, 075021 (2020)
075021-13
[46] S. Brown et al. (TopFitter v2 Collaboration) (to be
published).
[47] T. A. Aaltonen et al. (CDF and D0 Collaborations), Phys.
Rev. Lett. 115, 152003 (2015).
[48] G. Aad et al. (ATLAS Collaboration), Phys. Rev. D 90,
112006 (2014).
[49] M. Aaboud et al. (ATLAS and CMS Collaborations),
J. High Energy Phys. 05 (2019) 088.
[50] M. Aaboud et al. (ATLAS Collaboration), J. High Energy
Phys. 04 (2017) 086.
[51] A. M. Sirunyan et al. (CMS Collaboration), Phys. Lett. B
800, 135042 (2020).
[52] T. A. Aaltonen et al. (CDF and D0 Collaborations), Phys.
Rev. Lett. 112, 231803 (2014).
[53] M. Aaboud et al. (ATLAS Collaboration), J. High Energy
Phys. 01 (2018) 063.
[54] A. M. Sirunyan et al. (CMS Collaboration), J. High Energy
Phys. 10 (2018) 117.
[55] M. Aaboud et al. (ATLAS Collaboration), Phys. Lett. B
780, 557 (2018).
[56] A. M. Sirunyan et al. (CMS Collaboration), Phys. Rev.
Lett. 122, 132003 (2019).
[57] G. Aad et al. (ATLAS Collaboration), J. High Energy
Phys. 11 (2015) 172.
[58] V. Khachatryan et al. (CMS Collaboration), J. High Energy
Phys. 01 (2016) 096.
[59] M. Aaboud et al. (ATLAS Collaboration), Phys. Rev. D 99,
072009 (2019).
[60] A. M. Sirunyan et al. (CMS Collaboration), J. High Energy
Phys. 03 (2020) 056.
[61] T. Aaltonen et al. (CDF Collaboration), Phys. Rev. D 87,
031104 (2013).
[62] G. Aad et al. (ATLAS Collaboration), J. High Energy
Phys. 06 (2012) 088.
[63] S. Chatrchyan et al. (CMS Collaboration), J. High Energy
Phys. 10 (2013) 167.
[64] M. Aaboud et al. (ATLAS Collaboration), Eur. Phys. J. C
77, 264 (2017); 79, 19(E) (2019).
[65] V. M. Abazov et al. (D0 Collaboration), Phys. Rev. D 85,
091104 (2012).
[66] T. A. Aaltonen et al. (CDF Collaboration), Phys. Rev. Lett.
111, 202001 (2013).
[67] M. Aaboud et al. (ATLAS Collaboration), Eur. Phys. J. C
78, 129 (2018).
[68] J. Butterworth et al., J. Phys. G 43, 023001 (2016).
[69] J. Alwall, M. Herquet, F. Maltoni, O. Mattelaer, and T.
Stelzer, J. High Energy Phys. 06 (2011) 128.
[70] J. Alwall, R. Frederix, S. Frixione, V. Hirschi, F. Maltoni,
O. Mattelaer, H. S. Shao, T. Stelzer, P. Torrielli, and M.
Zaro, J. High Energy Phys. 07 (2014) 079.
[71] I. Brivio, Y. Jiang, and M. Trott, J. High Energy Phys. 12
(2017) 070.
[72] C. Degrande, C. Duhr, B. Fuks, D. Grellscheid, O.
Mattelaer, and T. Reiter, Comput. Phys. Commun. 183,
1201 (2012).
[73] A. M. Sirunyan et al. (CMS Collaboration), Projected
performance of Higgs analyses at the HL-LHC for ECFA
2016, CERN Report No. CMS-PAS-FTR-16-002, 2017.
[74] A. Efrati, A. Falkowski, and Y. Soreq, J. High Energy
Phys. 07 (2015) 018.
[75] M. Redi and A. Weiler, J. High Energy Phys. 11 (2011)
108.
[76] M. Redi, Eur. Phys. J. C 72, 2030 (2012).
[77] O. Matsedonskyi, G. Panico, and A. Wulzer, J. High
Energy Phys. 01 (2013) 164.
[78] ATLAS and CMS Collaboration, CERN Yellow Rep.
Monogr. 7, 1, Addendum (2019).
[79] Workshop on the physics of HL-LHC, and perspectives
at HE-LHC, 2018, https://indico.cern.ch/event/686494/
contributions/2984660/attachments/1670486/2679630/
HLLHC-Systematics.pdf.
[80] A. Buckley, C. Englert, J. Ferrando, D. J. Miller, L. Moore,
M. Russell, and C. D. White, J. High Energy Phys. 04
(2016) 015.
[81] N. Castro, J. Erdmann, C. Grunwald, K. Kröninger, and
N.-A. Rosien, Eur. Phys. J. C 76, 432 (2016).
[82] G. Durieux, M. Perelló, M. Vos, and C. Zhang, J. High
Energy Phys. 10 (2018) 168.
[83] D. Barducci et al., arXiv:1802.07237.
[84] N. P. Hartland, F. Maltoni, E. R. Nocera, J. Rojo, E. Slade,
E. Vryonidou, and C. Zhang, J. High Energy Phys. 04
(2019) 100.
[85] I. Brivio, S. Bruggisser, F. Maltoni, R. Moutafis, T. Plehn,
E. Vryonidou, S. Westhoff, and C. Zhang, J. High Energy
Phys. 02 (2020) 131.
[86] G. Durieux, A. Irles, V. Miralles, A. Peñuelas, R. Pöschl,
M. Perelló, and M. Vos, J. High Energy Phys. 12 (2019)
098.
[87] A. Abada et al. (FCC Collaboration), Eur. Phys. J. C 79,
474 (2019).
[88] J. Reuter and M. Tonini, J. High Energy Phys. 01 (2015)
088.
[89] M. Aaboud et al. (ATLAS Collaboration), Phys. Lett. B
784, 173 (2018).
[90] G. Aad et al. (ATLAS Collaboration), arXiv:2005.05138.
[91] G. Louppe, M. Kagan, and K. Cranmer, Adv. Neural Inf.
Process. Syst. 30, 981 (2017), arXiv:1611.01046.
[92] J. Brehmer, K. Cranmer, G. Louppe, and J. Pavez, Phys.
Rev. Lett. 121, 111801 (2018).
[93] J. Brehmer, K. Cranmer, G. Louppe, and J. Pavez, Phys.
Rev. D 98, 052004 (2018).
[94] C. Englert, P. Galler, P. Harris, and M. Spannowsky, Eur.
Phys. J. C 79, 4 (2019).
[95] Q.-H. Cao, B. Yan, C. P. Yuan, and Y. Zhang, Phys. Rev. D
102, 055010 (2020).
[96] N. D. Christensen and C. Duhr, Comput. Phys. Commun.
180, 1614 (2009).
[97] A. Alloul, N. D. Christensen, C. Degrande, C. Duhr, and B.
Fuks, Comput. Phys. Commun. 185, 2250 (2014).
[98] P. de Aquino, W. Link, F. Maltoni, O. Mattelaer, and T.
Stelzer, Comput. Phys. Commun. 183, 2254 (2012).
[99] S. Frixione, E. Laenen, P. Motylinski, and B. R. Webber,
J. High Energy Phys. 04 (2007) 081.
[100] P. Artoisenet, R. Frederix, O. Mattelaer, and R. Rietkerk,
J. High Energy Phys. 03 (2013) 015.
[101] T. Sjöstrand, S. Ask, J. R. Christiansen, R. Corke, N.
Desai, P. Ilten, S. Mrenna, S. Prestel, C. O. Rasmussen, and
P. Z. Skands, Comput. Phys. Commun. 191, 159 (2015).
[102] M. Dobbs and J. B. Hansen, Comput. Phys. Commun. 134,
41 (2001).
BROWN, ENGLERT, GALLER, and STYLIANOU PHYS. REV. D 102, 075021 (2020)
075021-14
[103] A. Buckley, J. Butterworth, L. Lonnblad, D. Grellscheid,
H. Hoeth, J. Monk, H. Schulz, and F. Siegert, Comput.
Phys. Commun. 184, 2803 (2013).
[104] M. Cacciari, G. P. Salam, and G. Soyez, Eur. Phys. J. C 72,
1896 (2012).
[105] M. Cacciari and G. P. Salam, Phys. Lett. B 641, 57 (2006).
[106] T. Plehn, M. Spannowsky, M. Takeuchi, and D. Zerwas,
J. High Energy Phys. 10 (2010) 078.
[107] G. Kasieczka, T. Plehn, T. Schell, T. Strebler, and G. P.
Salam, J. High Energy Phys. 06 (2015) 203.
[108] T. Plehn, G. P. Salam, and M. Spannowsky, Phys. Rev.
Lett. 104, 111801 (2010).
[109] M. Cacciari, G. P. Salam, and G. Soyez, J. High Energy
Phys. 04 (2008) 063.
[110] T.Golling et al., CERNYellowRep.Monogr.3, 441 (2017).
[111] O. Matsedonskyi, G. Panico, and A. Wulzer, J. High
Energy Phys. 12 (2014) 097.
[112] D. Barducci, M. Fabbrichesi, and A. Tonero, Phys. Rev. D
96, 075022 (2017).
[113] H.-L. Li, L.-X. Xu, J.-H. Yu, and S.-H. Zhu, J. High
Energy Phys. 09 (2019) 010.
[114] A. Azatov, M. Salvarezza, M. Son, and M. Spannowsky,
Phys. Rev. D 89, 075001 (2014).
[115] A. M. Sirunyan et al. (CMS Collaboration), J. High Energy
Phys. 03 (2019) 082.
[116] C. Englert and M. Russell, Eur. Phys. J. C 77, 535
(2017).
[117] A. Escamilla, A. O. Bouzas, and F. Larios, Phys. Rev. D
97, 033004 (2018).
[118] N. van der Kolk (CLICdp Collaboration and ILC Physics
Study), Proc. Sci., EPS-HEP2017 (2017) 470.
[119] M. Boronat, E. Fullana, J. Fuster, P. Gomis, A. Hoang, V.
Mateu, M. Vos, and A. Widl, Phys. Lett. B 804, 135353
(2020).
[120] H. Abramowicz et al. (CLICdp Collaboration), J. High
Energy Phys. 11 (2019) 003.
[121] C. Englert, A. Freitas, M. Spira, and P. M. Zerwas, Phys.
Lett. B 721, 261 (2013).
[122] D. Buarque Franzosi and A. Tonero, J. High Energy Phys.
04 (2020) 040.
[123] B. R. Holstein, Nucl. Phys. A689, 135 (2001).
[124] J. S. Schwinger, Phys. Rev. 73, 416 (1948).
[125] J. Jersak, E. Laermann, and P. M. Zerwas, Phys. Rev. D 25,
1218 (1982); 36, 310(E) (1987).
[126] Q.-H. Cao, B. Yan, J.-H. Yu, and C. Zhang, Chin. Phys. C
41, 063101 (2017).
ELECTROWEAK TOP COUPLINGS, PARTIAL COMPOSITENESS, … PHYS. REV. D 102, 075021 (2020)
075021-15
